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Bmp4The evolutionarily conserved Six1–Eya1 transcription complex is central to mammalian organogenesis, and
deletion of these genes in mice results in developmental anomalies of multiple organs that recapitulate
human branchio-oto-renal (BOR) and DiGeorge syndromes. Here, we report that both Six1 and Eya1 are
strongly expressed in the peri-cloacal mesenchyme (PCM) surrounding the cloaca, the terminal end of hind-
gut dilation. Six1 and Eya1 are absent from the intra-cloacal mesenchyme (ICM), a cell mass that divides the
cloaca into dorsal hindgut and ventral urogenital sinus. Deletion of either or both Six1 and Eya1 genes results
in a spectrum of genitourinary tract defects including persistent cloaca — hypoplastic perineum tissue be-
tween external urogenital and anorectal tracts; hypospadias — ectopic ventral positioning of the urethral or-
iﬁce; and hypoplastic genitalia. Analyses of critical signaling molecules indicate normal expression of Shh in
the cloaca and cloaca-derived endodermal epithelia. Using a Cre/loxP genetic fate mapping strategy, we dem-
onstrate that Six1-positive PCM progenitors give rise to the most caudal structures of the body plan including
the urogenital and anorectal complex, and the perineum region. Thus, Six1 and Eya1 are key regulators of
both upper and lower urinary tract morphogenesis. Results from this study uncover essential roles of the
PCM progenitors during genitourinary tract formation.Research Building, Children's
d Ave, Boston, MA 02115, USA.
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Understanding morphogenesis remains a major challenge in de-
velopmental biology. At themost caudal end of a developingmammal,
the embryonic cloaca undergoes morphological changes to form two
separate structures: the dorsal anorectal and the ventral urogenital
tracts. Caudal cloaca endodermal epithelial cells make direct contact
with ectodermal epithelia to form the cloacal membrane (CM),
where there is no intervening intra-embryonic mesoderm; a similar
situation is observed at the rostral extremity of the gut tube in the oro-
pharyngeal membrane. Mesodermal progenitors from the caudal part
of the primitive streak pass around the side of the CM to form the peri-
cloacal mesenchyme (PCM). The intra-cloacal mesenchyme (ICM)forms a cell mass that is known as the urorectal septum. Asymmetric
growth and patterning of the cloacal mesoderm result in the division
of the cloacal cavity and formation of the genital tubercle (GT).Malfor-
mations of the urogenital and anorectal structures are among themost
common forms of congenital human birth anomalies. However, the
molecular embryology of these caudal structures remains poorly
understood.
Patterning of the cloacal mesoderm and morphogenesis of caudal
structures likely depends on the coordinated actions of intrinsic tran-
scriptional regulators and extrinsic signaling molecules. Recent stud-
ies have identiﬁed key extrinsic signals including sonic hedgehog
(Shh) (Haraguchi et al., 2001, 2007; Lin et al., 2009; Miyagawa et al.,
2009a; Perriton et al., 2002; Petiot et al., 2005; Seifert et al., 2009a,
2009c), ﬁbroblast growth factors (Fgfs) (Haraguchi et al., 2000; Petiot
et al., 2005; Yucel et al., 2004), bone morphogenetic proteins (Bmps)
(Morgan et al., 2003; Suzuki et al., 2003; Wu et al., 2009),Wnts (Lin et
al., 2008; Miyagawa et al., 2009a; Nakata et al., 2009; Yamaguchi et
al., 1999), and ephrins (Dravis et al., 2004). However, our understand-
ing of the intrinsic transcriptional mechanisms underlying these key
developmental processes remains limited (Lin et al., 2008; Mo et al.,
2001; Morgan et al., 2003; Scott et al., 2005). We, as well as others,
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critical regulators of mammalian organogenesis (Li et al., 2003; Oliver
et al., 1995; Xu et al., 1997, 1999, 2003). Mouse deletions of Six1 and
Eya1 recapitulate the most common features found in human
branchio-oto-renal syndrome (BOR) and DiGeorge/22q11 deletion/
velo-cardio-facial syndromes (Guo et al., 2011; Li et al., 2003; Ruf
et al., 2004; Xu et al., 1999). Here, we report functional characteriza-
tion of the Six1 and Eya1 transcription factors, and genetic fate map-
ping of Six1-positive progenitor cells during genitourinary tract
development. Results from these studies show that 1) Six1 and Eya1
transcription factors are critical intrinsic regulators of PCM; 2) cells
of the ICM do not express either Six1 or Eya1, suggesting that ICM is
molecularly distinct from PCM; 3) deletion of Six1 and/or Eya1 causes
a spectrum of genitourinary tract defects including persistent cloaca,
hypospadias and hypoplastic genitalia; and 4) the Six1-positive PCM
but not ICM is the major source of progenitors of caudal structures
of the body plan including the urogenital and anorectal complexes,
and the perineum region. Together, our ﬁndings identify an essen-
tial set of transcription regulators in the PCM progenitor cells and
begin to shed light on cloacal morphogenesis and human congenital
urogenital/anorectal anomalies.
Materials and methods
Mice
Six1Cre-hpAP/+ mice were generated using a strategy identical to
that used to create the Six1lacZ mutant (Li et al., 2003). Brieﬂy, a par-
tial Six1 coding sequence was replaced with the Cre-hpAP (human
placenta alkaline phosphatase linked to an internal ribosomal entry
site (IRES)) dicistronic reporter and a PGK-neo selection gene by
homologous recombination in mouse 129sv-ES cells. The resulting
Six1Cre-hpAP/+ allele is Six1 null. Four independent ES cell clones
were identiﬁed by genomic Southern blot analyses using both 5′
and 3′ external probes. Two homologous recombinant clones were
used for generating chimeras and the mutant allele was transmitted
through the germline to obtain Six1Cre-hpAP/+ heterozygous mutants.
Homozygous mutants from these two lines of ES cells showed identi-
cal phenotypes and results from one line are presented in this article.
The Six1lacZ, Eya1, R26RZ/+ mice have been described previously (Li et
al., 2003; Soriano, 1999; Xu et al., 1999).
Histology analyses, in situ hybridization, X-gal and AP staining
Embryos for histology and in situ hybridization analyses were
dissected in cold PBS and ﬁxed with 4% paraformaldehyde (PFA).
Hematoxylin and Eosin (H&E) staining and in situ hybridization
were performed as described (Guo et al., 2011). To visualize hpAP
activity of Six1Cre-hpAP/+ mice, staged heterozygous embryos were
ﬁxed with PFA, heated at 70 °C to inactivate endogenous AP activity
and then stained with BM-purple (Roche). β-galactosidase activity
of Six1Cre-hpAP/+;R26RZ/+ embryos was detected with previously de-
scribed methods (Li et al., 2002, 2003).
Cell proliferation and cell death analyses
Phospho-histone H3 Ser10 antibody (Upstate 06-570) was utilized
to label proliferating cells as previously reported (Guo et al., 2011).
Sections were counterstained with DAPI to visualize tissue structure.
LysoTracker® (Invitrogen) staining of apoptotic cells was performed
according to the manufacturer's protocol. Brieﬂy, freshly dissected
embryos were stained with 5 μM LysoTracker® dye in pre-warmed
PBS at 37 °C for 0.5 h. Genital structures were dissected, ﬁxed with
PFA and sectioned before imaging. Terminal deoxynucleartidyl trans-
ferase nick end labeling (TUNEL) assay was performed on frozen sec-
tions using the Cell Death Detection kit (Roche).Quantitative PCR
GT tissue of e13.5 embryoswasmicrodissected out and snap frozen
on dry ice/ethanol. RNAwas prepared and reverse transcribed accord-
ing to manufacturer's protocols (Qiagen RNeasy mini and Stratagene
Accuscript™ High Fidelity 1st strand cDNA synthesis). Relative gene
expression levels were normalized to a GAPDH internal control, ana-
lyzed using the SYBR Greenmethod on an ABI-7500 detector (Applied
BioSystems). The following oligos were used: AR F: CCT TGG ATG GAG
AAC TAC TCC G; AR R: TCC GTA GTG ACA GCC AGA AGC T; Dusp6 F: CTC
GGA TCA CTG GAG CCA AAA C; Dusp6 R: TCT GCA TGA GGT ACG CCA
CTG T; GAPDH F: TTG TCT CCT GCG ACT TCA AC; GAPDH R: GTC ATA
CCA GGA AAT GAG CTT G; Hoxa13 F: CCC AAA GAG CAG ACG CAG
CCT; Hoxa13 R: GTG TAA GGC ACG CGC TTC TTT C; Msx1 F: AGG ACT
CCT CAA GCT GCC AGA A; Msx1 R: CGG TTG GTC TTG TGC TTG CGT
A; Msx2 F: AAG ACG GAG CAC CGT GGA TAC A; Msx2 R: CGG TTG
GTC TTG TGT TTC CTC AG; Shh F: GGA TGA GGA AAA CAC GGG AGC
A; Shh R: TCA TCC CAG CCC TCG GTC ACT; Grem1 F: AGG TGC TTG
AGT CCA GCC AAG A; Grem1 R: TCC TCG TGG ATG GTC TGC TTC A.Results
Six1 and Eya1 are expressed in the PCM progenitor cells
The renal and genitourinary systems are descendents of the inter-
mediatemesoderm. The juxtaposition and intimate relationship of the
renal and genitourinary mesoderm with the cloacal endoderm sug-
gests that they are part of a common developmental entity. Therefore,
the molecular programs underlying development of these structures
might be integrated. We and others have shown that Six1 and Eya1
are critical regulators of early stages of renal development (Li et al.,
2003; Xu et al., 1999, 2003). To investigate the possibility that Six1
and Eya1 might also be involved in the formation of the genital sys-
tem, we ﬁrst examined whether Six1 and Eya1 are expressed in meso-
dermal progenitor cells surrounding the cloaca (Fig. 1). As reported
previously (Li et al., 2003; Oliver et al., 1995; Xu et al., 1997), both
Six1 and Eya1were expressed in the intermediate mesoderm progen-
itors, including the metanephric mesenchyme (MM), at embryonic
day 10.5 (e10.5). Six1was also expressed in the somites of the paraxial
mesoderm. In addition, both Six1 and Eya1were expressed in the PCM
cells surrounding the cloaca at e10.5 and in the developing GT at e13.5
(Figs. 1A–L).
Mesenchymal cells surrounding cloaca can be deﬁned by their geo-
metric positions along body axes. The dorsal PCM (dPCM), which is
also known as tail gut mesenchyme, caps the most caudal end of the
cloacal cavity adjacent to the dorsal cloaca membrane (dCM). The in-
termediate PCM (iPCM) forms bilateral genital folds along the sides of
cloaca. The ventral PCM (vPCM) cells form the infraumbilical ventral
wall at this stage. To determine the spatiotemporal expression pattern
of Six1 and Eya1 during cloaca morphogenesis, we performed section
in situ hybridization experiments on serial sagittal sections at e12
and e11.75 (Figs. 1M–T). At this stage, genital protrusion becomes ap-
parent as a consequence of the rapid increase of the number of iPCM
and vPCM cells. As expected from the whole mount in situ results at
e10.5, Six1 and Eya1 were continuously expressed in the PCM at
e11.5 (Figs. 1M–T). Six1 appeared to have stronger expression in the
dPCM than the vPCM (Figs. 1M–P). However, neither Six1 nor Eya1
was detected in the ICM at any stage analyzed.
At e13.5, asymmetric growth of PCM cells along the dorsoventral
axis has successfully relocated the CM to the ventral side of the GT,
and the dorsoventral axis of CM is now elongated into the proximo-
distal axis of GT. The dorsoventral axis of PCM along CM is reversed
to become the ventrodorsal axis of GT. Both Six1 and Eya1 were con-
tinuously expressed in a sub-population of the GT mesenchyme
(Figs. 1C, D, G and H).
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Fig. 1. Spatiotemporal expression patterns of Six1 and Eya1 during genitourinary tract development. (A–H) whole mount in situ hybridization using Six1 (A–D) and Eya1 (E–H) spe-
ciﬁc probes revealed their broad expression pattern in peri-cloacal mesenchyme (PCM) cells surrounding cloaca and metanepharic mesenchyme (MM) at e10.5 (A, B, E and F) and
genital mesenchymal cells at e13.5 (C, D, G and H). (I–L) Schematic representation of Six1 and Eya1 expression patterns in PCM (orange), MM (green) and intra-cloacal mesenchyme
(ICM, pink) at e10.5 (I, J) and genital mesenchyme (orange) at e13.5 (K, L). Cloacamembrane (CM) is red. (M–T) Section in situ hybridization of e12 and e11.75 serial sagittal sections
showed Six1 (M–P) and Eya1 (Q–T) expression in the PCM but not ICM cells. C, cloaca; dis, distal; dor, dorsal; dPCM, dorsal PCM; GT, genital tubercle; HG, hindgut; IC, intraembryonic
coelom; int, intermediate; iPCM, intermediate PCM; PC, phallic cloaca; pro, proximal; SO, somite; TG, tail gut; US, urogenital sinus; ven, ventral; vPCM, ventral PCM.
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To determine the potential roles of Six1 and Eya1 transcription fac-
tors in the formation of the caudal structures, we examined e17.5 and
newborn single and compound Six1;Eya1 mouse gene-deletion mu-
tants (Fig. 2). Less than 30% of Six1−/−mutants had hypospadias phe-
notype, where urinary meatus (UM) was displaced at the ventral and
proximal region of the genitalia (data not shown). Loss of one copy of
Eya1 increased penetrance of the Six1−/− hypospadias phenotype to
100% (Fig. 2B). All Eya1 mutants had severe hypospadias phenotype
and hypoplastic genitalia (Fig. 2C). Additional loss of one or both cop-
ies of Six1 gene increased severity of genital phenotype of Eya1 null
mutants (Figs. 2D and E), an observation that is consistent with syner-
gistic relationship between Six1 and Eya1 during renal and cardiac de-
velopment (Guo et al., 2011; Li et al., 2003; Sajithlal et al., 2005). The
perineum, which separates the base of genitalia and anus, was hypo-
plastic in the Eya1 mutant and was completely absent from the
Six1+/−;Eya1−/− and double null mutants (Figs. 2C, D and E). The ano-
genital distance was reduced by 50% in Eya1−/− mutants and almost
nonexistent in the Six1+/−;Eya1−/− and double null mutants
(Figs. 2C, D and E, bracket). Thus, while Eya1 seems to play predomi-
nant roles, Six1 and Eya1 synergistically regulate lower urinary tract
development.To conﬁrm these gross observations, we performed histological
analysis of sagittal sections of both male and female mutants
(Figs. 2F–O). At e17.5, a dense population of stromal cells was clearly
visible in the perineum of both male and female control embryos
(Figs. 2F and K, black asterisks). This tissue, however, was hypoplastic
in the Eya1mutant, Six1;Eya1 compoundmutants, and was complete-
ly absent from double null mutants (Figs. 2H, M, I, N, J and O). In
female mutants, rectum, vagina and urinary tract opened to a com-
mon channel, which resembles human persistent cloaca anomaly
(Figs. 2H, I and J). A similar cloaca phenotype was found in the male
compound mutants (Figs. 2N and O). In addition, anal channel was
shorter in the mutants compared to controls (Figs. 2L, M, N and O).
Together, these ﬁndings demonstrate the essential roles of Six1 and
Eya1 in the PCM cells and normal development of urogenital and
anorectal structures.
Proliferation and survival defects of the mutant genital tubercle
We have shown previously that Six1 and Eya1 are required for
proliferation and survival of both renal and cardiac progenitor cells
(Guo et al., 2011; Li et al., 2003; Xu et al., 1999). To determine if a sim-
ilar mechanism underlies GT development, we examined expression
of phospho-histone H3 (p-HH3), which is enriched in the G2/M
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Fig. 2. Genitourinary tract phenotypes of Six1 and Eya1 mutants. (A–E) Gross defects of urogenital and anorectal complex of newborn male pups. Brackets indicate anogenital dis-
tance, which is reduced in the Six1+/+;Eya1−/− (C), Six1+/−;Eya1−/− (D) and Six1−/−;Eya1−/− (E) mutants. (F–O) H&E histological analyses of newborn female pups (F–J) and
male pups (K–O). Urogenital and anorectal systems were separated by perineum (black asterisk), which was hypoplastic (G, H, L and M) or completely absent (I, J, N and O).
The severe Six1+/−;Eya1−/− and Six1−/−;Eya1−/− mutant phenotype (I, J, N and O) resembles persistent cloaca defect, in which the urinary meatus (UM), vagina (V) and anus
(A) share a common opening. Brackets indicate anal channel. R, rectum.
189C. Wang et al. / Developmental Biology 360 (2011) 186–194phases and is indicative of cell proliferation. We also investigated the
extent of cell death using both LysoTracker® and TUNEL assays
(Fig. 3).
At e10.5, compared with littermate controls, Eya1 mutants had
many more apoptotic cells labeled by whole mount LysoTracker®
red staining (Figs. 3A–B). Sections of stained e10.5 embryos showed
that cell death was primarily localized at the cloacal epithelium
(Figs. 3C–D). At e11.5, with the growth of GT, less cell death was
detected in wild type GT. However, we observed an increase in apo-
ptotic cells in Eya1 mutants and even more so in Six1+/−;Eya1−/−Eya1(-/-)wild type
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Fig. 3. Proliferation and apoptosis defects. (A–D) LysoTracker® stained apoptotic cells of e10
views; C and D, sagittal sections. More apoptotic cells were detected in Eya1mutant embryo
type controls (E and G) based on both LysoTracker® staining (E and F) and TUNEL staining (
H3 (p-HH3) positive (red) mesenchyme cells in e11.0 Eya1 mutant (J) and Six1−/−;Eya1−/
these results presented in I–K (*pb0.05, n=3).compound mutants (data not shown). At e13.5, apoptosis was
found at the bilateral regions near distal urethral epithelial region
(dUE) in the wild type GTs at e13.5 as reported previously (Haraguchi
et al., 2001; Sasaki et al., 2004) (Figs. 3E and G). Interestingly, Eya1
mutants exhibited less apoptosis based on whole mount Lyso-
Tracker® red staining at this stage (Fig. 3F). This ﬁnding was con-
ﬁrmed by TUNEL assay (Figs. 3G–H).
At e11.0, p-HH3 staining of serial sagittal sections detected many
proliferating cells in the genital mesenchyme of wild type controls,
Eya1 null and Six1−/−;Eya1−/− compound mutants (Figs. 3I–L). TheSix1(-/-);Eya1(-/-)
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190 C. Wang et al. / Developmental Biology 360 (2011) 186–194number of p-HH3 positive cells was signiﬁcantly lower in Eya1 null
mutants (Fig. 3J, p=0.0264, n=4) than in the wild type littermate
controls (Figs. 3I and L), and it was further reduced in Six1−/−;
Eya1−/− double null mutants (Fig. 3K and L, p=0.006, n=3). Thus,
similar to other organs, Six1 and Eya1 are required for progenitor
cell proliferation (Guo et al., 2011; Li et al., 2003; Xu et al., 1999). Col-
lectively, these data suggest that the Six1/Eya1 transcription complex
controls homeostasis of GT mesenchymal progenitor cell proliferation
and survival.
Bmp signaling is aberrantly up regulated in mutants
To investigate whether Six1/Eya1 transcription complex is in-
volved in actions of signaling pathways, we examined expression pat-
tern of candidate genes involved in Shh, Bmp and Fgf signaling
pathways. Shh is expressed in the endodermal progenitor cells of uro-
genital and anorectal tracts. Shh deletion results in persistent cloaca
and genital agenesis phenotypes (Haraguchi et al., 2001; Mo et al.,
2001; Perriton et al., 2002), and inactivation of Shh at later develop-
mental stages causes hypoplastic genitalia and hypospadias defects
(Lin et al., 2009; Miyagawa et al., 2009a; Seifert et al., 2009a). A recent
study demonstrated that Shh signaling regulates the cell cycle kinetics
of GT mesenchyme and therefore growth of genitalia (Seifert et al.,
2009c). A similar level of Shh was observed in the Eya1 mutant andw
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Fig. 4. Gene expression analyses of Shh, Fgf and Bmp signaling pathways. (A–D) Shh express
urethral plate (UP) and hindgut (HG) at e13.5. A cell mass at the perineum region (Per) wa
ithelium was similar to the wild type control, although it appeared weaker in controls than
tively. (G–J) Bmp4 expression was enhanced in the GT mesenchyme region (H) and the mand
e11.5 Eya1mutant (J). (K–N) Bmp4 expression domain was reduced in Eya1mutants at e14.
Eya1mutants (L). (O) Quantitative PCR analyses forMsx1,Msx2, Grem1, Dusp6, Shh and Hoxa
B, bladder; T, tail; URS, urorectal septum.Six1;Eya1 compound mutants with the stage-matched littermate con-
trols in the urethral plate, bladder and hindgut at e11.5 and e13.5
(Figs. 4A–D and O, and data not shown). However, the mutant ure-
thral plate labeled by Shh appeared to be shorter than that of controls,
which was consistent with the grossly smaller genitalia of the mu-
tants at later developmental stages (Figs. 2A–D).
Unlike Shh, Bmp4 is expressed in the PCM and GT mesenchymal
cells during genitourinary tract development (Lin et al., 2008, 2009;
Suzuki et al., 2003), which is similar to the expression pattern of Six1
and Eya1. Bmp4 is regulated by the activities of both Shh and canonical
Wnt/β-catenin signaling pathways (Lin et al., 2008, 2009;Miyagawa et
al., 2009a). Exogenous Bmp4 suppresses cell proliferation and pro-
motes apoptosis in GT organ culture (Suzuki et al., 2003). Conditional
deletion of Bmp receptor 1a (Bmpr1a) in the surface ectoderm of GT re-
sults in increased expression of Fgf8 in the distal urethral plate endo-
derm and confers an overall growth advantage to the genitalia
(Suzuki et al., 2003). Thus, Bmp4 is a critical component of the signal-
ing network controlling mesenchymal cell proliferation and survival
during GT development. We have reported previously that Bmp4
was ectopically up-regulated and Fgf8 was down regulated in the
Six1;Eya1 compound mutants during cardiovascular development
(Guo et al., 2011) (data not shown). In the Eya1 mutants, Bmp4
expression in the GT mesenchyme was increased at e11.5 (Figs. 4G
and H). Consistently, Bmp4 expression was expanded in mandibleO
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ion in Eya1 mutants (B, D) remained at a similar level to wild type control (A, C) in the
s not observed in the mutants (asterisk in D and F). Shh expression in the bladder ep-
mutants on the sagittal views. (E and F) Schematic representations of C and D, respec-
ible domain of the ﬁrst pharyngeal arch (MD) and the second pharyngeal arch (PA2) of
0 (bracket in K, L) and e14.5 (M, N), while it stayed the same in preputial glands (PG) of
13 expressions in e13.5 Eya1mutants and wild type littermate control (n=4). A, anus;
191C. Wang et al. / Developmental Biology 360 (2011) 186–194component of the ﬁrst pharyngeal arch and signiﬁcantly increased in
the second pharyngeal arch (Figs. 4I and J). At late stages of GT devel-
opment (e14.0 and e14.5 Figs. 4K–N), mutants were signiﬁcantly
smaller than the wild type controls. Expression of Bmp4 was main-
tained in the distal GT region andmesenchymal cells surrounding ure-
thral plate (Figs. 4K–N). Real time quantitative PCR (rt-qPCR)
analyses, however, did not detect any signiﬁcant increases of Bmp4 ex-
pression in the micro-dissected Eya1−/− and Six1+/−;Eya1−/− GTs at
these stages (data not shown). Since expression of Grem1, a Bmp an-
tagonist, is Six1-dependent during renal development (Nie et al.,
2011), we examined its expression level in the micro-dissected
e13.5 GT tissue (Fig. 4O). We found that Grem1 was signiﬁcantly
lower in Eya1−/− and Six1+/−;Eya1−/−mutants based on quantitative
rt-qPCR analyses (Fig. 4O and data not shown). Consistently, expres-
sion levels of Bmp4 downstream target genes,Msx1 andMsx2 (Alappat
et al., 2003; Hayashi et al., 2006; Suzuki et al., 2003), were signiﬁcantly
up regulated in Eya1−/− and Six1+/−;Eya1−/− mutants, suggesting
enhanced Bmp signaling in the absence of Eya1 and Six1 (Fig. 4O,
n=4, and data not shown). Expression of Fgf8, which is inversely cor-
related with Bmp signaling during genital development (Suzuki et al.,
2003), did not show any statistically signiﬁcant difference (data not
shown). However, a downstream effector of Fgf signaling, dual speci-
ﬁcity protein phosphatase 6 (Dusp6) (Seifert et al., 2009b), was dra-
matically reduced in Eya1−/− and Six1+/−;Eya1−/− mutants
(pb0.0001) (Fig. 4O and data not shown). Collectively, Eya1 and Six1
mutants had augmented Bmp but attenuated Fgf signaling activities.
Inactivation of Hoxa13 in mice leads to hypospadias and reduced
AR expression (Morgan et al., 2003), and AR is essential for GT devel-
opment and masculinization (Miyagawa et al., 2009b; Yucel et al.,
2004). No signiﬁcant difference was observed for Hoxa13 and AR ex-
pression in Eya1 null mutants based on rt-qPCR analyses of microdis-
sected external GT tissues (Fig. 4O and data not shown).
Fate mapping of the Six1-positive progenitor cells
Since Six1 and Eya1 are present in the PCM but absent from the
ICM (Figs. 1M–T), the perineal agenesis and cloacal phenotypes sug-
gested that the PCM, as opposed to the ICM, contains the progenitors
of tissue between the anus and genitalia. To examine this possibilityLateral
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(E–L) Serial sagittal cryostat sections through cloaca of the hpAP stained heterozygous emb
surrounding cloaca at e10.5 (C–H) and e11.5 (I–L). See Fig. 1 legend for more abbreviationdirectly, we generated a Cre-expressing mouse line by replacing the
Six1 coding region with a Cre-hpAP dicistronic reporter (data not
shown). With this approach, expression of Cre site-speciﬁc DNA
recombinase and a second cistron of human placental alkaline phos-
phatase (hpAP) are under control of the endogenous Six1 promoter
and enhancer and, therefore, are expected to show spatiotemporal
expression patterns identical to that of the native Six1 gene. Four in-
dependent homologous recombinant mouse embryonic stem (ES)
cell clones were identiﬁed, and two of them were used to generate
the Six1Cre-hpAP heterozygous mutant lines. The heterozygous mutants
displayed no apparent phenotype while the homozygous mutants
had phenotypes identical to previous reports (Laclef et al., 2003; Li
et al., 2003; Ozaki et al., 2004).
We ﬁrst analyzed the hpAP staining pattern of the Six1Cre-hpAP/+
heterozygous embryos to conﬁrm that the Cre-hpAP reporter fully re-
capitulated endogenous Six1 gene expression pattern. Strong hpAP ac-
tivity was detected in the craniofacial regions including nasal, otic and
pituitary placodes at e10.5 (Fig. 5B). In the trunk region, both somites
and dorsal root ganglia stained positive for hpAP. Muscle progenitor
cells migrating into the limb bud were labeled as well. We also ob-
served hpAP activity in the MM of renal progenitor cells. Similar to
the Six1-speciﬁc in situ hybridization results (Figs. 1A and B), hpAP ac-
tivity was strongly detected in PCM progenitor cells surrounding the
cloaca (Figs. 5C and D). Staining of serial histological sections con-
ﬁrmed the PCM-speciﬁc expression pattern in both e10.5 and e11.5
embryos (Figs. 5E–L). Expression in the dPCM was observed at e10.5
and increased at e11.5. At e11.5, hpAP activity was also detected in
the iPCM and vPCM, but not the ICM (Figs. 5J and K). Overall, the
hpAP staining pattern in the PCM suggested the possibility that Six1
is asymmetrically localized along the dorsoventral axis with a strong
dorsal expression and a weak ventral expression (Figs. 1M–P).
To determine the fate of Six1-positive progenitors during genito-
urinary tract development, we analyzed the Six1Cre-hpAP/+ and
Rosa26-lacZ reporter (R26RZ/+) double heterozygous embryos, in
which Six1 lineages were permanently labeled by the lacZ reporter.
Serial cross and sagittal sections of GT from double heterozygous em-
bryos at e13.5 and e15.5 were stained for hpAP and β-gal activities,
which are surrogates of Six1 gene expression and Six1 lineages, re-
spectively (Fig. 6). In the distal GT, hpAP activity was restricted toMedial
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192 C. Wang et al. / Developmental Biology 360 (2011) 186–194the center of the GT and dorsal to the developing urethra. In the prox-
imal region, however, hpAP activity was detected broadly at e13.5,
but became restricted at e15.5 (Figs. 6E and G). The hpAP staining
pattern at e15.5 suggested that the stained cells belonged to the
glans tissue. Staining of sagittal sections revealed restricted hpAP ac-
tivity at the perineum, bladder neck region, mesenchyme surround-
ing the rectum and at the tail (Figs. 6I, K). Interestingly, hpAP
staining was not found in the dorsal half of the GT at either e13.5 or
e15.5 (Figs. 6I and K), or in the preputial fold at e15.5, or the GT ecto-
derm. This restricted expression pattern of Six1, as indicated by hpAP
activity, suggests a potential role of Six1 in pattern formation of the
GT at late developmental stages.
X-gal staining of sections adjacent to those stained with hpAP
showed that the majority, if not all, of GT mesenchyme belonged to
the Six1 lineage (Figs. 6B, D, F, H, J and L). Speciﬁcally, we found
that all of the perineum stromal tissue was stained with X-gal, consis-
tent with the perineum agenesis phenotype found in the Six1 and
Eya1 compound mutants (Fig. 2). The bulk of the preputial fold mes-
enchyme and to a lesser extent, the dorsal GT mesenchyme, was
labeled with X-gal (Figs. 6J and L). We also observed scattered X-gal
positive cells within the urethral plate, perineum, bladder urothelium
and rectal epithelium (Figs. 6F, H, J and L). However, we did not de-
tect any X-gal positive cells in the preputial glands and GT ectoderm
at e15.5 (Fig. 6H). Taken together, these genetic fate mapping data
support the conclusion that Six1-positive PCM, but not ICM, is the
major source of progenitors of genitourinary tissue including stromal
components of the perineum, preputial fold and glans.
Discussion
In this report, we provide initial functional evidence that the evolu-
tionarily conserved Six1 and Eya1 transcription factors are essential for
normal development of the genitourinary tract.We show that Six1 and
Eya1 are critical intrinsic regulators of the PCM progenitors. The re-
stricted expression patterns of Six1 and Eya1 in the PCM suggest that
cells of the ICM aremolecularly distinct from those in the PCM. The ge-
netic fate mapping studies demonstrate for the ﬁrst time that the PCM
is the major source of progenitors of the genitourinary tract, and that
PCM cells are also required for complete separation of cloaca into uro-
genital and anorectal tracts.The embryological theory of mammalian cloaca morphogenesis is
an ongoing debate. Theories of cloaca transformation are largely
based on histological and 3-dimensional reconstruction analyses of
normal and abnormal embryos (Hynes and Fraher, 2004; Kluth et al.,
1995; Paidas et al., 1999; Penington and Hutson, 2003; Rathke,
1832; Retterer, 1890; Tourneux, 1888; van der Putte, 1986, 2005). Al-
though the current studies were not designed to test the existing
models, results from our functional characterization and genetic fate
mapping analyses suggest an alternative model: patterning along the
dorsoventral and rostrocaudal axes controls cloaca morphogenesis
(Fig. 7).
Along the rostrocaudal axis, the rostral-localized ICM expands
rapidly between e10.5 and e12.5. On the other hand, the CM at the
caudal cloaca lacks intra-embryonic mesoderm and eventually breaks
open to form the anal and urinary oriﬁces. This asymmetry leads to
formation of the dorsal anorectal tract and ventral urogenital tract.
193C. Wang et al. / Developmental Biology 360 (2011) 186–194Our observation that ICM lacks expression of Six1 and Eya1 is consis-
tent with the idea that ICM is molecularly distinct from the PCM. This
does not imply, however, that the ICM is an anatomically distinct
structure from the PCM. In addition to the potential role of ICM in clo-
aca morphogenesis, the persistent cloaca phenotype of Six1 and Eya1
compound mutants suggests that a complete separation of urogenital
and anorectal tracts also depends on the PCM. This ﬁnding is consis-
tent with the genetic fate mapping data, which demonstrated that
the Six1-positive PCM contributes to the genitourinary tract, includ-
ing the perineum stromal tissue between the anus and the base of
the genitalia (Fig. 6).
Along the dorsoventral axis, proliferation and expansion of the
vPCM and iPCM lead to the external protrusion and formation of the
GT. This morphogenetic event coincides with increased levels of apo-
ptosis of the dPCM and the tail gut, which are likely important for the
ventral shift of cloaca and the CM (Qi et al., 2000a, 2000b; Sasaki et al.,
2004), and therefore patterning along the rostrocaudal axis. Previous
studies using chick embryos demonstrated that the tail bud-derived
mesenchyme promotes urinary tract segmentation during renal
development (Brenner-Anantharam et al., 2007). Interestingly, DiI-
labeled tail bud mesenchyme contributes extensively to mesenchyme
surrounding the chick cloaca. Therefore, it is tempting to speculate
that dPCM is important for both upper and lower urinary tract devel-
opment. The dPCM is apparently expanded in the Sd mutants (Kluth
et al., 1995; Nakata et al., 2009), Skt knockout (Suda et al., 2011), as
well as retinoid-induced teratogenic mouse mutants (Liu et al.,
2003; Nakata et al., 2009). This dorsoventral growth/patterning de-
fect is accompanied by shortening of the dorsal CM. In these mutants,
the ICM or urorectal septum fails to reach the surface and therefore is
unable to divide the cloaca completely. Consequently, the dorsoven-
tral patterning defect is coupled with abnormal development of the
rostrocaudal axis in these mutants. We speculate that both CM and
dPCM are involved in patterning the cloaca along these axes.
Ourmodel predicts that genes asymmetrically expressed in the PCM
might be important for cloaca andGTmorphogenesis. Interestingly, Six1
appeared to be highly enriched in the dPCM (Figs. 1 and 5), which sug-
gests that Six1–Eya1 transcription complex is directly involved in asym-
metric patterning of PCM. In a preliminary gene expression array
analysis, we have identiﬁed a putative Six1 target gene, which is
expressed only in the dPCM but not iPCM or vPCM (unpublished
data). Six1 and Eya1 functionally interact with Shh signaling pathway
and both Six1 and Eya1 are down regulated in Shh mutants (unpub-
lished preliminary observations). Although Shh is ubiquitously
expressed in cloacal endoderm epithelial cells and their derivatives,
Shh signaling activity seems to be asymmetrically localized based on a
Gli-reporter activity (Haraguchi et al., 2007; Lin et al., 2009). Integration
of Shh and canonical Wnt/ß-catenin signaling pathways is critical for
growth and patterning of cloaca and genitalia (Lin et al., 2008, 2009;
Miyagawa et al., 2009a). Therefore, in addition to evidence presented
here suggests that Six1 and Eya1 are involved in coordinating expres-
sion of genes in Fgf and Bmp signaling pathways (Fig. 4), it is most likely
that Six1–Eya1 transcription complex might be a converging point of
multiple signaling pathways during lower urinary tract development.
Independent to regulating gene expression, Eya1 controls cell polarity,
cell fate and Notch signaling in lung development (El-Hashash et al.,
2011); and regulates actin cytoskeleton, cell shape and mobility
through its intrinsic phosphatase activity (Pandey et al., 2010). Future
studies will be key to understand how Six1–Eya1 complex regulates
growth and morphogenesis of anorectal and urogenital complex.Acknowledgments
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